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IN 1 ERLEA\ ING OP I ICAI. 1 II 1 ER 

Field of the Invenlion 

llais invenlion relates to u'a\'eJenglh division nnitiplexed (DWDM) systems used in 
opiical Ijber conmumi cations, and more parti cnla^-Jy to optical signal filters which separate a 
WDM channel stream into groups of channels on separate fibers. 

Raekgroimd of the Invention 

Nan-Qw band optical filters are essential in wavelength division (WDM) communication 
systems in order to process signals at difierent precisely spaced wavelengths. Low insertion loss, 
flat top filter response, shaip cutoff, and the ability to scale to high channel counts and dense 
channel spacing are all critical parameters. An interleaving filter is a device or subsystem whicli 
caji sepai'ate multiple cliannels m a WDM ti'ansmission into groups. A 1x2 interleaving filter 
divides a WDM chamiel sti*emii, periodically spaced hi optical frequency, in a niamier such that 
every other channel is launched into one of t-v^^o separate fibers. More generally a IxN 
interleaving filter, separates eveiy Nth channel into one of N fibers. 

The interleaving fiinction, more broadly speaking, includes establishmg a periodic 
ti-ansmissivity characteristic witlrin a given wider fi*equency band, so that there is virtually 
lossless t3-ansmission withhi incrementally spaced fiequency channels, and in effect fixll signal 
rejection between the channels. Preferably, the transmissive pass bands are shaped with flat top 
response, so that laser wavelength siiifts and other variations within tire pass bands can be 
tolerated, tlius reducing tlie stringency of performance specifications imposed on such active 
elements, llrerefore, in multiplexing, channel spacings can be reduced with improved 
perfonnance, wliile in demultiplexing closely spaced channels can be separated without requiring 
prohibitively precise individual components, such as add/drop filters, hi demulfiplexing. 
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interleaving filters can also serve to reduce the component couuls and serial iiisertioa losses, 
because they separate signals in parallel fasliion and can be cascaded to divide channels into a 
number of smaller groups before wavelength selective devices are used to add or drop individual 
waveiengtli signals. 

The most common approach to interleaving filter design is based upon usmg unbalanced 
Mach-Zender interferometers. Tliese are adequately responsive but ai-e large, costly units that are 
difficult to adapt to many system requirements. In addition, they are subject to inlierent instability 
problems tliat require extra measua*es to overcome. Thin fihn 200 GHz filters are now bemg 
offered, but tliin films require costly and precise processes. Other periodic optical txaiismission 
functions ai'e Icnown, such as those exliibited by bhefi"ingent crystals, as dehneated in detail by 
Yeh and Yaiiv in "Optical Waves in Crystals", John Wiley and Sons (1983). As the authors 
explain, a bire&mgent element sandwiched between parallel polarizers has a tiansmission 
characteristic tliat is periodic in optical fi*equency, and effectively witliout loss at transmissive 
peaks. Much analytical work, of both theoretical and practical natures has been directed to using 
tlie properties of birefringent ciystals. In 1964, for example. Hams et al proposed a procedvue for 
Hie synthesis of optical networks in an article in the Journal of the Optical Society of America, 
Vol. 54, No. 10 (Oct. 1964), pp. 1267-1279, entitled "Optical Network Synthesis Using 
Bireiringent Crystals". Tlris article treats some of the considerations flmdamental to synthesizmg 
specific ti-ansfer functions using a series of bkefruigent crystals between entiy and exit polarizers. 
Subsequently, Kimura et al discussed a teclinique for reducing thermally induced variations in an 
article entitled "Temperature Compensation of Bii-efrmgent Optical Filters", in tlie Proceedings of 
tire IEEE, August 1971, pp. 1271-2. They disclosed that if the signs of the bu-efrmgence of two 
different ciystals are opposite, tlie retardation of the series is less dependent on temperature. 
Although the intended puipose of tlie device described is as a filter for frequency stabihzation, 
one of tlie articles cited, "Wide-band Optical Comnuuii cation Systems, Part I - Time Division 
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Muhiplcxing", by T. S. Kinsel, Pvoc. lEEl v, Vol. 5K, Oct. 1970, pp. 1666-1683 is referenced in 
regard to the use of bireiringeut optical filters to multiplex or deuuiltiplex carriers of different 
Irequeueies in die field of wide-band optical connnunicatious. 

A usage of ci-ystals that is somewhat more related to the interleaving filter context is 
disclosed in a letter published in Electi'onics Letters, Vol. 23, No. 3 dated 29 Jan. 1987, at pp. 106 
and 107, by W. J. Carlscn et al, discussing the use of a series of birefringent crystals configm-ed to 
improve the characteristics of systems disclosed by articles on prior tunable 

multiplexer/demultiplexers (referenced tlierein). All of these multiplexers are intended to be used 
with either of two lasers about 1 5 to 25 nm apart in optical wavelength, but they do not suggest 
featiu'cs suitable for an interleaving fimction or operation at the now common 100 to 200 GHz 
spacings. A 100 GHz mterleaving fdter, for example, requires a passband of the order of 0.2 nm 
( vs. about 10 for the Carlsen et al system) and like intermediate stop bands. Carlsen et al do 
discuss a modification wltich acliieves a flattened passband using five retardation plates of 
selected orientations relative to the end polarizers, and acliievmg polarization independence by 
splittmg tlie beam so as to direct polarization Gomponents sepai'ately tlirough tlie filter. 

A need thus exists for a wideband interleaving filter having multiple nanow channel 
spacings and functioning witli wide and flattened passband chai'acteristics, insensitivity to 
polarization, temperatm*e stabihzation and veiy low insertion loss. Tlie need includes a 
configui ation made of readily available materials that can be readily assembled with tlie necessary 
precision, and that is of compact size and also mechanically stable. 

Summary of the Invention 

Interleaving circuits for optical networks in accordance with the invention utilize a series 
of bii'efringent ciystals in varying electrooptic property combinations and orientations to provide 
densely packed periodic transmission pealcs which nonetheless have very low insertion loss. 
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polarization independence, flattened passband peaks and temperatiue compensation. Pairs of 
dissunilar birefringent elements in cascaded (series) relationship broaden the ti^ansniissive peaks 
wiiile conipensatmg out the effects of temperature variations. By monnting tlie elements on a 
planar reference structure having preset recesses in which adjustments can be made, the unit can 
5 be aligned imd adjusted w^ith respect to retardation, spacings and orientation for best performance. 
In a more specific example of an mterleaving filter in accordance witlr tlie invention, 
birefi-mgent crystals are aiTanged in series between an input and output beam displacing 
polarizers, together with beam combming elements at the output. The mput beam is divided into 
two beams of oitliogonal polarization, wliich are successively incident on two stages of pair ed 
10 bhefringent crystals, the crystals of each pair being of opposite sign of thermooptic coefficient 

and of specific lengfli ratios, and the crystals of tlie second pair being tv/ice tlie Icngdi of the first. 
With crystals of yttrium oithovandate (YVO4) and hthhim niobate (LiNbOs), respeclhilly, tlie 
ratio used is 6.60 to 1 , and tlie crystals are precisely spaced apart and provided with anti- 
reflection coatings on tlie beam-incident surfaces. Tlie lengths used ai*e hiversely related to the 
15 deshed channel spacmg. The optical (c) axes of the crystals are angled relative to the polai-ized 
input signals and to each other to utihze the retardation difference of the birefi-ingent ci-ystals, 
providing two teniperatui-e compensated output beams having flatband maxuiia, which are then 
split into anotlier set in an output beam splitting polarizer. One combmed beam of both 
polarization components is collimated for dhection to one output fiber, wliile two separate beams 
20 of ortliogonal polarization are combmed in a group of prisms and a polarizuig beam splitter cube, 
for direction tlirough a collunator to a second output fiber. 

Tills interleaving filter, enclosed in a sealed housing, is less than 20 cm' long and 5 cm 
wide. Placement and angular orientation of the optical elements is faciUtated by tlie shaping of 
receiving recesses in tiie optical bench, along tlie optical beam patli. Wliere a pyroelectiic crystal 
25 such as LiNbOa is used, buildup of surface changes due to temperature cycling is avoided by 
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current conduction from the crystal faces tliat do not receive the optical beams, 'f o achieve 
precise tuning, crystal taces may be angled so tliat relative translation of beams with respect to the 
crystals changes the path length within ciystals. 

Jn accordance with otlier fcatuscs of die invention, beam displacijig polarizers are used in 
5 recomhinalion of beams wliich have passed tb-ough the birefrmgent crystal system. Padi length 
differences can be equalized by employing a half wave plate m both beams or a compensating 
plate in one of the beams incident on the beam displacing polaiuzer. 

Hrief Description of the Drawings 
A better understanding of the invention can be had by reference to the following 
10 descriphon, talcen in conjimchon with the accompanyuig drawings, in which: 

Fig- 1 is a somewhat simplified perspective view of an example of an interleaving optical 
fiker in accordance with the invention; 

Fig. 2 is a schematic side view representation of tlie filter of Fig. 1 within a housing; 
Fig. 3 is a schematic perspective representation of the orientation of crystals and polarizers 
15 in the fiJter of Figs. 1 and 2, and an optical bench on which they are mounted; 

Fig. 4 is a simphfied plan view of the filter of Figs. 1-3, illusti'atmg beam paths along the 
structure; 

Fig. 5 is a wavefonn diagram showing the periodic characteristic of a lOOGHz 
interleaving filter with passband flattening; 
20 Fig. 6 is a waveform diagi^am of characteristics of a series of birefi'ingent ciystals, showing 

passband flattening; 

Fig. Visa simplified block diagram view showing further featin*es as to mterleaving fiUer 
design and construction; 

Fig 8 is a simplified block diagram view showmg further features as to interleaving filter 
25 design and constnaction, and 
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Fig 9. is a sijiiplificd block diagram view showing lurlhcr features as to interleaving filter 
design and cons tmcl ion. 

Detailed Description 

Bii-efiingent or polarization filters are described in "Optical Waves in Crystals", Yah and 
Yariv, referenced above. Tlie trairsmission thiough a birefringent element sandwiched between 
parallel polaiizers is periodic in frequency and is given by: 

Eqn. 1 

where 1 is the intensity, A. is the wavelengtli m nanometers, ne is the extraordinaiy mdex of 
refraction, no is the ordinary index of refraction and L is the tlrickness of tlie ciystal in mm. The 
crystal is oriented with its optic axis at 45 degrees to the input polarization. Note tliat in tliis 
governing relationsliip the transmission is periodic in optical fi-equency (i.e. inverse wavelengtli) 
and the transmission is lossless at tlie pealc. Tlie present systems use tliis fundamental conti-oUing 
Eqn. 1 together with a number of otliers in providmg shaped transmissivity characteristics with 
low insertion loss, polarization insensitivity and compensation for temperatm-e variation. 

Figs. 1 to 4 depict the aiTaiigement and relationsliips of the components of a 1x2 passband 
flattened and temi^eratm-e compensated interleaving filter 10, the components of wliich are seated 
on a generally planai' suiTace 13 of a stahiless steel optical bench 12 (see Figs. 2 and 3). The 
optical bench 12 ( wliich alternatively can be of other materials such as silicon) contains shaped 
recesses 14 formed by electi'on discharge maciiining (EDM), in which recesses 14 in the planar 
surface 13 die polarizing components and ciystals are mounted and precisely aligned and angled. 
A gradient index (GRTNT) lens responsive to the wideband input stream from an optical fiber is a 
colUniator 16 for the WDM channel stieam. The collimator lens 16 is seemed witliin a cylindrical 
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metal housing 20 wliich is welded within a stainless steel chp 22 of general LT-shape, where base 
legs 24, 25 are welded to the optieal bench 12. llie clip 22 design allows for precise and stable 
tilt and translation adjusUuent of the collrmator lens during assembly. 

After coUimation, the mput beam is transmitted through a beam displacing j^olarizer 28, 
5 here of YV04 ciystal, wliicli splits the input beam into two parallel beams (Fig. 4 particularly) 
with crossed polaiizations that ai^e shifted Imm with respect to the other. Splitting the input heam 
into sepai-ate polaiizations and tlien recombining after filtering results in a polarization 
independent device. 

^rire two beams are then incident on a first birefiingent ciystal stage comprised of a ytti'ium 
10 orthovanadate (YV04) ciystal 30 and a Litliium niobate (LiNb03 crystal, 32 configiu'ed to fomi a 
first a temperature compensated pair. There are a number of different birelringent materials wliich 
can be used for temperaUire compensation, including YV04 and LiNb03. YV04 has iiigh 
birefringence, An=0.2039 at 1550nm, and is readably available commercially. LiNb03 has a 
large thermooptic coefficient opposite in sign to YV04 and is also readably available 
15 commercially. The reqmred length ratio for temperatme compensation of YV04 to LiNb03 is 
6.60:1. Tlie lengths scale inversely witli chamiel spacing, and 50Ghz and 25 GHz spacing are 
achievable. The optical (C) axis of tlie YV04 crystal and the LiNb03 crystal 32 are oriented at 
45° relative to the input polarizer 28 . For a 1 OOGliz to 200GIiz channel spacing the YV04 crystal 
30 is 7.370 mm long and the litliium niobate cr}^stal 32 is 1.1 16 mm long. 

The second stage, wliich is also temperature compensated but employed to flatten the peak 
of maximum transmissivity of the passband is comprised of another set of YV04 36 and lithimn 
niobate crystals 38. The lengtlis of each of tliese are twice tliat of tlie lilce crystals used m tlie first 
stage. Tlie optical axes of each separate ciystal 36,38 of Hie second pair is oriented along a crystal 
edge and the crystals are tilted -14.8 degi-ees with respect to the top surface 13 of the optical 
25 bench 13. The edges of the lithium niobate crystals 32 and 38 are electrically shorted wdth a 
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conductive coating 40 such as silver epoxy which conducts away charges huiU up due to the 
pyroclectric property of LiNbOj. Suv n electric charges would otherwise tend to build up on the 
sm-face of ciystals 32, 38 as the temperatiu-e is cycled, and the result could be micontrolled 
hysteresis of the index of refraction. Such charges must be eliminated for LiNl*)03 to be used as a 

5 temperatrue compensatmg element. Conductive silver epoxy 40 (or metallization or anti static 
liquid) of flae +/- c faces of a crystal electiically shorts the ciystal and dissipates charges. Dopants 
such as MgO wliich reduce the electrical conductivity would also reduce the pyioelecti ic effects. 

The two beams after being transmitted tluough the birefriiigent ciystals 30, 32, 36, 38 are 
incident on another YV04 beam displacing polarizer 41 . Each input beam is split up into two 

10 beams with different polarizations, as best seen in Fig. 4. Two of the beams with crossed 

polaiization overlap and are coupled directly into one of two output GRIN lens collimators 46, 48. 
The two other beams are combined in p ait by using a single prism 42 to dhect die s polarized 
beam to one side of a polaiizing beam splitter cube, 43 witli tlie p polaiized beam bemg redirected 
off a pair of prisms 44, 45 to an orthogonal side of tlie beam splitter cube 43. The path lengths of 

15 tlie two combined beams ai-e matched to better tlian 1mm in order to muiimize polarization mode 
dispersion (PMD). Tlie resulting overlapping beams are tlien coupled into the second output 
collimator 48. The output collimators 47, 47 are laser welded to clips which are in ttmi laser 
welded to die optical bench 12. 

Referrmg specijScally to Fig. 2, the optical bench 12 is mounted inside a tray 50 with a 

20 fiber feeddirough 52 in the end wall 54 receiving an input optical fiber 18 hi line with the input 

collimator 16. Altliougli die output side is not shown in tliis view it differs m havuig only paii^s of 
elements for dehvermg the two output beams. The bench 12 is attached to the base of the tray 50 
with RTV adhesive or, as shov^oi, a silicone sheet 58 can be used to provide cusliionuig from 
shock and vibration. The input fiber 18 and two output fibers aie fed tlii'ough the fiber 
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leedlhnniglis and sealed with epoxy. A lid 58 is attached to liie body of the tray 50 and the waist 
is sealed with epoxy in a dry nitrogen atmosphere. 

All ofllie optical surfaces, including tlic crystals, are antireneelion coaled to mniiniize 
optical loss. 

'Ilie expermicntally measured transmission (using an LED and an optical spectrum 
analyzer) of a fiber coupled, passband flattened lOOGhz interieaver is shown in Figure 5. The 
unit uses two stages of lithium niobate and YV04 crystals. This measured response is chaited in 
Fig. 5. The spacing bet^veen ti-ansmissivity pealis is that of alOOGhz channel spacing to 200Ghz 
channel spacing interleaving filter. 

Wider passband flatness iji a filter (i.e. a broadening of the width of tlie ti-ansniissivity 
peaks, prevents narrowing of the transmission specU-a when filters are cascaded and reduces the 
required wavelengtli accm-acy of tlie WDM source lasers. It also improves system pcrfonnance 
by reducing the attenuation of the iixformation content of a modulated signal. By adding 
additional birefiingent elements, tlie passband of the interleavmg filler is flattened to a selectable 
degree. As shown in Fig. 6, which depicts response variations between one, two and tliree 
crystals in series the passband of a single element birefi-mgent filter is 0.35xrm wide at the -0.5dB 
bandwidtli By adding a second and thnd birefiingent element, shown by dotted and dashed lines 
respectively, the maximum is progressively broadened. The first element is of lengtli L and 
oriented witli its C axis at 45 degi ees. For a series of two, tlie second element is of lengtli 2L and 
has an orientation of -14. 8 degrees, substantially v/idening the aiiiplitride at niaxmium witiiout 
broadening the cutoff point. Addition of a tliird element of lengUi 2L and orientation =-hlO 
degrees broadens the maximum even fiiilher, but inti^oduces intermediate dips of minor 
magnitude. For a 10()Gh:z /200gliz uiterleaver the bandwidtli for a passband flatness of -0.5dB is 
0.35nm for tlie single stage, 0.47nm for the tv.^o stage, and 0.60nm for the ttoee stage design. 
Even better flatness can be acliieved by adding more elements, however tiiis comes at the expense 
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of additional cost and insertion loss. Although the curves depict the results of measurements with 
crystals of only one type, they are equally valid for temperature compensated combmations using 
different crystal types. 

The polarization dependent loss (PDL) of the mterleaving filter must be minimized to a 
value below Q.ldB. lliis is achieved during couplmg of tlie two crossed polarization beams 
incident on eacli output GRIN lens coUimator 46 or 48. In order to minimize PDL the beams 
must be coupled into the output fiber with the same efficiency. This is not necessarily at the peak 
coupling efficiency of each beam. Tliis can be determined by varying or swdtching the mput 
polarization to Hic interleaving filter 1 0 milil no variation of power on the output fibers is 
measured. 

In order to make a polarization independent fiber based uiterleaving filter, the signal is 
^pht up mto two beams using the lossless beam displacing polarizer 28. Tlie two beams are 
transmitted through the bu'efi-mgent elements 30, 32, 36, 38 and recombined into two outputs 
using the additional lossless beam displacing polarizer 42. The s polaiized output of one of the 
beams is recombined \vith tlie p polarization of the otlier beam. Eveiy otlier channel of a WDM 
stream is tlius sepai'ated into one of the two output collimators 46, 48 and tlie output fibers to 
which they couple. 

Devices typically operate over a 0-70C temperature range and should be passively 
temperature compensated. For a lOOGhz filter response the center wavelengtli drift should 
typically be less than +/-0.0015iWC. Tlie use of different ciystals with opposite signs of the 
birefringence or tliermooptic coefficient in the manner described acliieves tliis result. Tlie 
retardance of two ci-ystals in series is given by: 
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Where F is the phase rciardimcc, L is the length of each crystal, and the birefringence is given l:>y 



AH] ==n,,j-no,i for the first crystal. Vor the second coastal Ano -^He-no if tlie crystal axis is jxirallel to 
that of the frrst crystal and is An^ -^no-n, if it is rotated 90 degrees. The change of rctardance with 
temperatiu*e is given by: 



Wliere a is the thennal expansion coefficient. The condition for compensation is given by: 



Usually the tliennal expansion coefficient tenn can be neglected. With tl:ie optic axis of the 
crystals in alignment, compensation is acliieved usmg two crystals with different signs of the_ 
themiooptic coefficient. If the crystals ai'e rotated 90 degrees with respect to each other, materials 
can be used with the same sign of the thennooptic coefficient. 

During assembly, both tlae frequency period and absolute wavelength of Qie pealcs must be 
adjusted. This can be controlled by tight tolerances of the thiclaiess of tlie polished crystals. Tlie 
crystals or tlie input beam angle can also be tilted to adjust the wavelengtla. Another approach is 
to polish the ciystal to fonn a slight wedge shape, witli tire beam-incident faces thus being non- 
orthogonal to beam direction. Then the wavelengtli and period can be adjusted by tianslatrng the 
beam on the crystal. In order for both the parallel beams to see tire same thickness of crystal, the 
wedge angle should be transverse to the plane of the t^vo incident beams. Two crystals with 
opposing wedges can be ti^anslated relative to each other to adjust die tliiclcness and minimize any 
beam steering. Another approach to tune Hie wavelength is to choose from a set of LiNb03 
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crystals at slightly diJTerent lliickness, and luiiiiig by substitutriig for the best response. A spacing 
of lOniicrons can allow for tuning wliile only slightly changing the temperature compensation 
condition. Adjustment of the absolute wavelength peaks of tire filter can also be achieved by 
using a zero order half wave plate after each of the stages. By rotating the waveplates additional 

5 birefringence is inti'oduced wixich trmes the filter. Zero order waveplates ar e used to miniinize 
temperature dependence of tire waveplate. 

The aligmnent and tolerance of the optical components are critical. Both insertion loss 
and manufactui'ing assembly cost need to be miniinized. An alternative to the stainless steel 
optical bench is to use a silicon bench as a platfonn to mount all of tlie components. Precise V- 

10 grooves are etched onto the silicon substrate and components are dropped into tliem and attached 
witliepoxy. 

1x2 interleavers can be cascaded to split eveiy Ntli channel into one of N output fibers. 
For the second stage a crystal of half the tliicloiess of the first stage is reqmred. In general the 
transmission tlirough an N stage interleaver will have a tfansmittance at one of Uie output fibers 
15 given by: 

iu):=n 

i = 1 

The other fibers will have the same wavelength dependent ti-ansmittance witlr tlie pealcs sliifted by 
a multiple of the input channel spacing. 

20 Each stage of a birefi-ingent filter is not limited to separating every otlier channel. More 

generally a single stage can gr'oup every Nth channel onto a single fiber and the remaining (N-1) 
adjacent channels in each period onto a separate fiber. One approach is to use a Sole type filter 
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described in the Yeh and Yaiiv treatise referred to above. TJiere are two designs, folded and 
fanned, which rely on a stack of rotated birefringent plates of equal thickness. 

Another example of an arrangement in accordance with the invention, referring now^ to 
Fig. 7, divides the input beani from an input coUimator 60 into an s polarized beam and an 
5 orthogonal p polarized beam at a Ikst beam splittmg polarizer cube 62. The p polarized beam is 
directed back into parallelism for compactness at a pnsm63, and both beams then pass separately 
through sheet polarizers 64, 65 to temperature compensating birefririgent ciystal parrs 70, 71 and 
73, 74 as described above, after wliich separate bemn pairs are recombined. S polarized 
components are angled off a prism 80to one face of a second polarizer cube 82, winch receives 
10 the p polai-ized beam at another face. From the second cube 82 two oilliogonal beams merge, 

each combining s and p components, and die Uvo combined beams are directed to first and second 
collimators 84, 85 respectively. Tliis arrangement simplifies beam recombination but, because of 
tlie characteristics of polai-izing beam splitters tlie cross-tallv between adjacent chaiuiels is liigher, 
even though reduced somewhat by the sheet polai-izers. In addition, die costs of using separate 
15 crystals of equal lengths must be considered. 

Odier examples of aixangements in accordance with the invention, refeixing to Fig 8 and 
Fig 9 malce use of different optical aiTangements to reconibme the s and p polarized beams into 
tlie second output fiber. In Fig 8 the optical layout from the input collimator tluough the 
birefiingent crystals and the second beam displacing polaiizer is the same as described previously. 
20 Here, however, a prism 90 is used to pick off tlie center beam emerging fi-om the second beam 

displacer 41 wliich contains both requhed polarizations. Tliis beam is reflected witli another prism 
92 and coupled directly into an output collimator 47. The other two beams emerging fi-om the 
second beam displacer 41 ai'e recombmed within a tliird beam displacing polarizer 94. The 
length of the last beam displacer 90 is twice that of the first two 28, 41 due to the need for t-\vice 
25 tlie displacement. Since the path lengths of the two beams would not otlieiwise be matched, a 
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compensating plate 96 is inseited in one of the beam paths to match the optical path lengtli. A 
high index material such as litliium niobate ,with the crystal axis aUgned with the mput 
poiai-ization, is used in the s polarized beam. 

Another approach to match the optical path lengths is shown in Fig 9. Tlie two beams 
emerging from the second beam displacer 41 ai c trajismitted tluough a half wave plate 98 and 
liien recombined usmg a tliird beam displacement polarizer 100. The half wave plate 98 rotates 
the polarizations 90 degrees, w4iich ensur es tliat the overall path lengtlis of the two beams are 
matched after going through t).ie final beam displacer 100. Tne half wave plate 98 is a zero order 
design to reduce the temperatiu e dependence. The combined beams in the midregion of the 
secoird beam displacing polarizer 41 are angled off a common prism 102 to tlie second output 
collimator 48. 

Although a number of variants and alternatives have been described, the invention is not 
limited thereto but encompasses all forms and modifications wdtlrin tlie scope of the appended 
claims. 
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CLAIMS: 

L An iiiteileaving optical filter for wave energy, for providing a periodic low loss 
5 transmissivity characteristic in the rate of 25 Gllz to 200 GHz spacing and operating wdth 

substantial polarization independence and with compensation :^or tftmperatnre variations, said 
filter comprising: 

a support providing a generally planar surface extending substantially parallel to a 
principal optical axis for the filter; 

10 an mput coUiniator momited on the support at an input region thereon to provide a 

Gollunated beam along the principal optical axis; 

a first beani displacing polarizer moimted on the support to receive the colliinated 
beam, the polarizer transmittuig two beair.s of orthogonal polarizafion that ai"e parallel to the 
principal optical axis; 

15 a first pair of bij-efiingent crystals receiving the two beams and being of different 

tiiennooptic coefficients and v^dth lengtlis along tlie principal optical axis tlrat are selected to 
compensate for temperature-induced phase retardation variations, the fii'st pair being rotated 45** 
with respect to the planar surface about tire pi-incipal optical axis. 

a second pair of birefiringent crystals of materials lilce the fii'st pak but of different 
20 lengtii, and being rotated with respect to the planar* sui'face to provide transmissivity peaks tliat 
have passband flatness of -0.5dB of about .47 nm and a center wavelength drift of less flian 
±0.0015 nm/*C; 
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a second beam displacing polarizer receiving Uie two hcmns transmitted tlu-QUgh 
the pairs of birefringent crystals for splitting each of the two beams into two beams with different 
polarizations, and 

a beam recombining miit receiving tiie beams from tlie beam displacing polarizer 
for combining die beams tlierefrom into two polarization mdependent beams in the component 
beams with less than one 1 imn patli length difference. 

2. An interleaving optical fdter as set forth in claun 1 above, including output 
collimators coupled to transmit the different polarization kidependent beams. 

3. An mterleavmg optical filter as set fortli in claim 1 above, wherein the second 
beam displacing polarizer Li*ansmits a pah of ortliogonally polarized individual beams and a 
combined beam havmg orthogonally polarized components, and the beam recombining means 
directs the combined beam as one of the outputs. 

4. An interleaving optical filter as set fortli hi claim 3 above, wherem tlie beam 
recombhiing means includes a tliird beam displacing polarizer receivmg the orthogonally 
polarized uidividual beams, and fluther includes a path length compensator in one of the beam 
pallis to the third beam displacing polaiizer. 

5. An interleaving optical filter as set forth in claun 3 above, wherein the beam 
recombining means includes a tMrd beam displacing polarizer receiving the orthogonally 
polarized individual beams, and fiu-dier includes a half wave plate m both beam patlis to the tlihd 
beam displacmg polarizer. 

6. An interleaving optical filter as set foilii in claim 3 above, wherein tlie beam 
recombhiing means comprises a polaiizmg beam splitter cube and prism means for directmg the 
orUiogonally polarized mdividual beams to different faces of the beam splitter cube. 
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7. All iiiterlea\dng optical filler as set forth in claim 1 above, wherein the birefringent 
crystals are of opposite sign, and wherein tlie second pair of crystals have a negative angular 
rotation relative to tlie first pair. 

8. An interleaving optical filter as set fortli in claim 1 above, v^herein the paks of 

5 birefringent crystals each comprise a YV04 ciystal and an LJNbOa crystal bavhig lengdi ratios of 
6.60:1 and wherein tlie ciystals of the second pair are twdce tlie length of those in the final pair. 

9. All interleaver filter as set forth in clami 1 above, wherein the first and second 
beam displacing polarizei-s are of YV04 crystal and tlie beam recombining unit comprises a prism 
and polarizing beam splitter cube. 

10 10. All interleaving optical filter as set fortli in claim 2 above, wherein the input 

collimator and output colhmators comprise gradicut index lenses, wiierein the filter farther 
includes housings attached to tlie collunators and Hie housings are attached to the support, 
wherehi die collimators are disposed along the principal axis, and tlie filter further comprises 
input and output optical fibers in communication widi the input and output collimators 

15 respectivety. 

1 1 . An optical assembly for retauiing a number of birefi-ingent elements, polarizing 
elements and collimating elements in precise axial and rotational positions along an optical axis, 
comprising 

an optical bench havmg a principal planai' surface, tire surface including inset 
20 recesses disposed at spaced locations along the length of Hie optical axis; tlie recesses having 
angles relative to the planar surface to define the rotational orientation of the birefiingent 
elements; 

adjustable attachment mechanisms attached to the optical bench at collimator 
positions along the optical axis. 
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collimator housings each siippoitiiig a diOerenl collimator and each altaciied to a 
different one of the attachment meclianisms.; 

and a containment housing encompassing Hie optical assembly and mcluding 
optical fiber feedthroughs along the optical axis and in aligmnent with coUiniating elements 
tlierem. 

12. An optical assembly in accordance with claim 1 1 above, wherein tlie optical bench 
is of stainless steel, and wherein in addition to the attacliment mechanisms are laser welded to the 
optical bench and at least one of the birefringent elements are conductively coupled to the optical 
bench. 

13. An optical assembly in accordance with claim 12 above, wherein the housing 
includes a tray and a hd in a sealed configm-ation, and a layer of resilient material supporting the 
optical bench in the tray. 

14. An interleaving optical filter for inti-oducing a periodic transfer function with 
flattened apices within transfer in a wider band spectrum of an input optical beam, comprising; 

a first polarizer in the path of the input optical beam; 

at least two stages of paks of birefringent crystals of opposite thciinooptic 
coefficients, the ciystals of each pah* having a lilce length proportionality but the lengths of the 
crystals in the ficrst pan* having a selected ratio to the lengtlis of the ciystals of tlie second pair, the 
longer pair being disposed closer to tlie fu st polarizer, and 

a second polarizer in the path of the optical beam subsequent to the two stages. 

15. An optical filter as set forth in claim 14 above, wherehi tlie like crystals witliin 
each stage have lilce optical axes and orientations relative to tlie polai'izer direction and wherem 
tlie filter llulher includes beam displacing means between the first polarizer and the at least two 
stages for directing beams of orthogonal polarization tln-ough tlie at least two stages, and wherein 
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the iilter furlher includes an optical circnit for recombining the beams ofortliogonal polarization 

into two beam sets, eacli including botli polarizations. 

An optical tiller as set forth in claim 15 above, wherein die lengths of die ciystals 
are selected to provide a selected periodicity in the transfer hmction, and vs/heiein die optical 
circuit recombines the beams in the beam sets with equal path lengths. 

1 7. An optical filter as set forth in claim 16 above, wherein each paii^ of ciystals 
comprise a YV04 crystal and im LiNbOs crystal, and wherein the C axes of the first pair are at 45" 
to the direction of die first polarizer and the C axes of the second pair are at 014.8^ and w4ierein 
the length proportionality of the crystals in each pair is 6.60:1 and the latio between the t^vo pairs 
is 1:2. 

18. An Opfical filter for mtroducing an inteikavmg function mto a signal beam 
occupying an opfical band, comprisuig: 

a polarizing beam splitting cube for dividing the signal beam into t-.vc oitliogonally 
polarized beams; 

first and second birefrmgent crystal sets, each including an initial polai-izer sheet 
and two pairs of serially disposed birefiingent ciystals of opposite tlierraooptic sign, and 

beam recombiimg means including a second polarizing beam splitting cube 
receiving the two ortliogonally polarized beams and providing two output beams, each includmg 
both polai-ization components. 

19. A filter for sepai'afing an input band of optical signal fi'cquencies into a number of 
periodicity varying ti-ansmissive fiequency bands divided into at least two groups, comprising: 

at least one pair of birefiingent ciystals disposed serially along an optical axis for 
receiving the optical signals, at least one of the ciystals having a pyroelectiic characteristic; 
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polarizing means disposed along the optical axis and bordering the at least one pair 
of optical ciystals, and 

means coupled to ciystals having a pyroelectric characteristic for dissipating 
electi*ic charges induced thereon. 

20. A filter as set fortli in claim 19 above, wherein the crystals of a pair have oprical 
axes tiiat are similarly aUgiied relative to the optical axis of the device, and wherem the polarizmg 
means comprises a beam displacing polarizer for dividmg tlie optical signals mto Iavo beams 
directed along the optical axis, 

21 . A filter as set forth in claun 20 above, wherem dre at least one pair of bii-e&ingent 
ciystals comprises two pairs, the second pah havmg alignments of theh optical axes that are alike 
witliin tlie pair but different fi'om the other pah*, and have a selected length relationsliip to the 
crystals of tlie other pair. 

22. A filter as set forth in claim 19 above, wherem tlie means for dissipatmg elective 
charges comprises conductive coating material disposed on selected surfaces of the crystals. 

23. An optical filter for transferring optical signals in either dhection between a 

teimmal at one side and a pah of tenninals at the otiier side, m either dhection, the optical signals 
periodically spaced m wavelengtlr, tlie filter ti-ansferrmg the signals with a selected periodic 

passband function, comprising: 

at least two serial stages of birefi^mgent light propagating elements airanged to 
provide differential retardations between orthogonal polarization components of tlie optical 
beams, each stage being configm^ed with at least two elements of different tJrermoopfic 
characteristics to be substantially athermal over a selected temperature band, the differential 
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retardation relationshii:)S being selectively varied between tlie stages to provide selected passband 
widths at til e selected passband periodicity, 

at least one polarization responsive beam path Juncture device between the 
terminal at one side and the at least two stages and transferring optical signals therebetween, 
5 sphtting the signals in tlie beam patli in accordance with polarization in one dbecfion, and 
combining tlie signals transferred in the other direction; and 

at least two beam path juncture devices eacli between the teiminal of a different 
one of the pair of terannals and the at least two stages for processing optical signals therebetween, 
said beam palli juncture devices bemg polarization responsive and disposed in series, and 
10 including elements arranged to cross-combine signals of oiUiogonal polarization, such tliat the 
filter is polarization insensitive. 

24. A filter as set fortli in claim 23 above, wherein the Uglit propagating elements are 
an-anged in two sets of at least two stages disposed in separate patlis, and like elem.ents in the 
parallel paths ai'e of matched lengtlis and thennooptic characteristics. 
15 25. A filter as set forth m claim 23 above, wherem flie filter fiuther includes separate 

lens collimators at the outputs of the separate ones of the at least t\\^o beam path junctui'e device, 
and means associated with the at least one beam path jimcture device for establisliing ttje input 
polarizations of tlie beams to minimize the poiaiization dependent loss to below 0. IdB. 

26. A filter as set fortli in claim 23 above, wherein the relative angles of the fast axes 
20 of the stages are selected to vary the retardation relationsliips, and wherein tlie filter includes 

elements for equalizing the path lengths of tlie sepai'ate optical beams to minmiize PMD. 

27. A filter as set fortli in claim 23 above wherem the stages have an atlieniial 
characteristic such tiiat the center wavelength drift is less than 0.0015 iWC. 
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2J, A Jllter as set fortli iu claim 23 above, wherein the athermal compensation 

conditions is approximately in accordance witli: 



+ a I'Au 

L, ' { (1(Ai12) 

' -^^ + a tAii - 

dT 



Where L is the length of each crystal, An is the bu efrmgence for a crystal, and a is tlie thermal 
expansion coefficient. 

29. A multiplexer/demultiplexer functioning in accordance with an interleaver transfer 

function for processing interleaved, wavelength multiplexed signals of a first inter-channel 
wavelength periodicity present at one tenninal and signals at half the fu st mter-channel 
wavelengtli periodicity present at a pair of terminals, comprising; 

a pair of optical beam patlrs, each comprismg at least two stages of optical delay 
elements disposed in series, each stage of each patli including at least two optical elements in 
series, whose lengtlis and tlrermooptic characteristics are selected to provide a differential phase 
retardation between ortliogonally polarized beam components that is athermal over a selected 
temperatm-e range to define a periodic transmission characteristic of chosen periodicity , lire 
lengths and fast axis orientations of each stage being selected to broaden the passbands of the 

transmission characteristic, 

a first beam splitter/combiner in the optical communication path between the one 
tei-minal and the pair of beam paths for (1) directing and sepaiating received signals of arbitraiy 
state of polarization fi-om tlic one tennmal into the two beam paths, tlie signals on the two beam 
paths being orthogonally polarized in a fixed relation to one another, and for (2) combining 
orthogonally polarized optical beams from tlie beam patlis into signals of arbifary state of 
polarization at the said one tenninal, and 



wo (»I/67U3 PC l/l]S0!/iM*)J5 

a second and third beam spiiiteiVcon-jbiner means in the optical communication 
path between the pair of beam paths and the pair of terminals, ibr (1) cross-combining 
orthogonally polarized beam components received irom the beam paths and exhibitmg periodic 
polarization characteristics at Iialf the Hrst wavelength periodicity into separate beams exhibiting 
5 periodic transmission characteristics at half the first wavelength periodicity and transferring them 
to tlic pair of terminals, and for (2) separating signals received at the pair of terminals, signals 
exhibitmg periodic transmission cliaracteristics at half the fu-st periodicit3% into orthogonally 
polarized signals, and transfemng orthogonally polarized signals to the beam paths through stages 
as individual beams. 

10 30. A multiplexer/demultiplexer as set forth in claim 29 above, wherein multiplexed 

signals applied to the terminals have arbitrary states of polarization and where tlie beam 
splitter/combiners are polaiization sensitive and divide or combine beams in accordance with 
polarization and direction. 
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